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Gadolinium-Enhanced, Vessel-Tracking, Two-
Dimensional Coronary MR Angiography: Single-
Dose Arterial-Phase vs. Delayed-Phase Imaging

Vincent B. Ho, MD,1,2* Thomas K. F. Foo, PhD,3 Andrew E. Arai, MD,2 and
Steven D. Wolff, MD, PhD2

The purposes of our study were to investigate the benefits
of using a single dose of an extracellular contrast agent for
coronary magnetic resonance angiography (CMRA) and to
determine the relative benefits of arterial-phase vs. de-
layed-phase image acquisition. The right coronary artery
was imaged in 10 healthy adults using a breath-hold, two-
dimensional fast gradient echo pulse sequence designed
for vessel tracking (multiphase, multislice image acquisi-
tion). Pre- and postcontrast CMRA was performed. Post-
contrast imaging consisted of arterial- and delayed-phase
CMRA following a 15 mL bolus (single dose) of contrast
media and of delayed-phase imaging following a cumula-
tive 45 mL contrast dose (triple dose). Contrast-enhanced
CMRA provided a significantly higher (P < 0.001) signal-
to-noise ratio (SNR) and contrast-to-noise ratio (CNR) than
noncontrast CMRA. CNR was highest for single-dose arte-
rial-phase CMRA (13.1 6 4.5) and triple-dose delayed-
phase CMRA (13.0 6 4.8), followed by single-dose delayed-
phase CMRA (8.4 6 3.5) and noncontrast CMRA (4.2 6 1.8).
Single-dose arterial-phase CMRA provided the best visual-
ization of the distal right coronary artery and was pre-
ferred for blinded physician assessments. We concluded
that utilization of a single dose of extracellular contrast
media improves CMRA, especially if timed for arterial-
phase imaging. J. Magn. Reson. Imaging 2001;13:
682–689. © 2001 Wiley-Liss, Inc.

Index terms: coronary vessels, MR; magnetic resonance, vas-
cular studies; gadolinium; arteries, MR; arteries, coronary;
magnetic resonance, contrast enhancement

ARTERIAL-PHASE GADOLINIUM (Gd)-enhanced mag-
netic resonance angiography (MRA) has been shown to
be a reliable and quick method for imaging arteries,
such as the aorta and its branches (1–5), the pulmo-
nary arteries (6), and the carotid arteries (7). Unlike
other MRA methods, Gd-enhanced MRA relies primarily
on the T1 shortening of blood by contrast media and
generates “luminograms,” which resemble conventional
x-ray angiograms. As with conventional angiography,
selective arterial visualization is achieved by the collec-
tion of imaging data (notably, the low-spatial frequency
data or the time domain data about the center of k-
space) during the arterial transit of the contrast media
bolus.

The coordination of the imaging with arterial en-
hancement optimizes both arterial signal and arterial
depiction (4,7–10). Timing of arterial-phase imaging
can be accomplished using several methods. One com-
mon technique is to perform a preliminary timing bolus
scan (4,8,9) to estimate time of contrast arrival. Another
common method is to employ an automated bolus de-
tection algorithm (7,10) that can detect contrast arrival
in real time and initiate imaging for the arterial phase.
With either method, proper coordination of central k-
space data acquisition with arterial enhancement opti-
mizes the arterial signal and can lower the contrast
media dose requirement (9).

Recently, Goldfarb and Edelman (11) and Kessler et
al. (12) have described the feasibility of using standard
extracellular Gd-chelate contrast agents for breath-
hold coronary MRA (CMRA). In both studies, circulatory
times for arterial imaging were estimated by a prepara-
tory test bolus scan, and 20–40 mL of contrast was
hand injected over 20–25 seconds for the MRA. Image
acquisition was performed in the axial plane and tar-
geted the proximal coronary arterial trees. The right
coronary artery (RCA), which is better visualized in the
double-oblique plane (13), was not imaged in roughly a
quarter of the subjects (3 of 13 subjects (12)) and, when
seen, only depicted for roughly 4 cm (12). Both investi-
gations, furthermore, studied only the initial postcon-
trast CMRA acquisition.

In our study, the temporal benefits (arterial vs. de-
layed phase) of using a single dose (15 mL) of an extra-
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cellular contrast agent for coronary imaging were stud-
ied. Imaging consisted of four separate breath-hold
CMRA acquisitions: noncontrast, single-dose arterial
phase, single-dose delayed phase, and triple-dose (cu-
mulative 45 mL) delayed phase. The single-dose and
triple-dose delayed-phase CMRA served as relative
comparisons for the benefits of arterial-phase CMRA.
The higher dose delayed-phase CMRA was also in-
cluded because it was recognized that CMRA could po-
tentially have a role as part of an integrated contrast-
enhanced cardiovascular study (i.e., “one-stop-shop”
concept for cardiovascular MR). For example, CMRA
may serve as a supplement to a stress and rest myo-
cardial perfusion study or an atherosclerosis evalua-
tion that included several Gd-enhanced MRA acquisi-
tions. In these cases, CMRA would follow these other
primary applications, for which higher cumulative con-
trast media doses may have already been administered.

For the purposes of this pilot investigation, imaging of
a single coronary artery was deemed sufficient to inves-
tigate the advantages of single-dose arterial-phase
CMRA over those of delayed-phase imaging following
the single and higher doses. Focusing on a single vessel
ensured reproducibility of CMRA localization between
acquisitions, as well as minimized the time interval
between each breath-hold acquisition. The RCA was
chosen because its relative planar orientation within
the right atrioventricular groove was well suited for its
visualization on a two-dimensional (2D) CMRA, thereby
enabling better assessment of arterial length improve-
ments from the use of contrast media. Each CMRA was
performed using vessel tracking (14), a multislice tech-
nique that acquires images throughout the cardiac cy-
cle (i.e., during both systole and diastole).

MATERIALS AND METHODS

All experiments were performed with the approval of the
Institutional Review Board and in accordance with in-
stitutional regulations on the use of human subjects.
Informed consent was obtained in the 10 healthy vol-
unteers (8 men and 2 women) who ranged in age from
21 to 58 years (mean age 5 36.4 6 11.6 years) and in
weight from 66 to 113 kg (mean weight 5 82.3 6 13.7
kg). All examinations were performed on a 1.5 Tesla MR
imaging (MRI) system (Signa version 5.5, General Elec-
tric Medical Systems, Waukesha, WI) with a prototype
high-performance gradient subsystem capable of
achieving a maximum gradient amplitude of 40 mT/m.
Imaging was performed using a cardiac phased-array
coil.

The RCA was localized in the appropriate double-
oblique plane, using a series of breath-hold axial and
oblique-electrocardiogram (ECG)-gated fast 2D-seg-
mented k-space gradient echo pulse sequences (FAST-
CARD; repetition time (TR)/echo time (TE), 9.5–10
msec/2.3 msec; flip angle, 30°; eight views per seg-
ment; one excitation; 256 3 224 matrix). The oblique
2D FASTCARD images were performed in a multiphase,
single-slice “cine” mode and were used both to guide the
prescription of the optimum double-oblique plane for
RCA visualization and to determine the maximum an-
atomic excursion of the RCA over the cardiac cycle.

Each CMRA acquisition was performed using an
ECG-gated vessel-tracking pulse sequence (14) that ad-
justs the slice location based on the anticipated loca-
tion of the RCA during each specific cardiac phase. The
end-systolic and end-diastolic locations, as displayed
on the initial oblique 2D FASTCARD localizer, were
used as the limits of the double-oblique spatial excur-
sion of the vessel-tracking CMRA acquisition. The ves-
sel-tracking method has been shown to roughly triple
the percentage of images that the coronary artery is
visualized during a breath-hold 2D CMRA (14). In this
manner, vessel tracking improves the overall imaging
efficiency of each breath-hold acquisition, enabling the
illustration of substantial lengths of the coronary artery
during a single breath-hold acquisition.

Once the ideal double-oblique plane and vessel-
tracking parameters were determined for the initial
noncontrast CMRA, all subsequent contrast-enhanced
CMRA studies were performed with identical scan pa-
rameters. In order to further minimize spatial differ-
ences between CMRA acquisitions, each CMRA acqui-
sition was obtained during a single breath hold during
end expiration and the time between CMRA acquisi-
tions was kept to a minimum.

All CMRAs were performed using an ECG-gated ves-
sel-tracking fat-suppressed fast 2D-segmented k-space
gradient echo pulse sequence (FCARDVT; TR/TE,
9.5–10 msec/2.3 msec; flip angle, 30°; eight views per
segment; one excitation). The images were radio-fre-
quency phase spoiled and were obtained with a 28–32
cm field of view (FOV), 5-mm slices, receiver bandwidth
of 616 kHz, 256 3 224 matrix (1.1–1.4 mm/pixel in-
plane resolution), and a 0.75 asymmetrical FOV. With
eight views or k-space lines per segment (or per R-R
interval), CMRA images from 7 to 11 spatial locations
were acquired in each acquisition, depending on the
subject’s heart rate. A localized volume shim was per-
formed on each subject prior to the initial CMRA (i.e.,
the noncontrast CMRA) and the same transmit and
receiver gain settings were used for all subsequent
CMRA acquisitions.

An automated contrast bolus detection algorithm
(MR SMARTPREP, General Electric Medical Systems,
Waukesha, WI) (10,15) was employed to initiate data
acquisition of the single-dose arterial-phase Gd-en-
hanced CMRA. The automated contrast bolus detection
technique was prescribed to monitor the signal in a
20 3 20 3 25-mm volume of interest centered within
the right ventricle. The right ventricle was selected as it
afforded sufficient lead time for proper alignment of
central k-space data acquisition with the arterial phase
of the contrast bolus. The monitoring phase consisted
of a 90–180° spin echo sequence with orthogonal slice-
selective gradients and a sequence time (TR) of 25 msec.
When the signal intensity in the right ventricle in-
creased beyond two predetermined thresholds (3 SD
and 30% above the mean baseline level), the MR pulse
sequence switched from the monitoring phase to the
data acquisition phase.

Once the thresholds were exceeded, MR SMARTPREP
triggered the initiation of a fat-suppressed, vessel-
tracking 2D CMRA acquisition. The triggering of the
data acquisition phase produced an audible change in
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the gradient noise. The change in gradient noise pro-
vided a cue for the volunteer to initiate a 15–22-second
breath hold (actual time depending on individual heart
rate). The delay between the trigger (i.e., time that both
thresholds were exceeded) and the initiation of the ac-
tual CMRA acquisition was set for 5 seconds. Fives
seconds was chosen based on the estimated transit
time (Fig. 1) of contrast from within the right ventricle,
through the pulmonary circulation, the left ventricle,
the aorta, and into the coronary arteries. In addition, it
afforded sufficient time for the patient to initiate a
breath hold. During this 5-second delay interval be-
tween the end of the monitoring phase and the start of
actual data acquisition, dummy radio-frequency exci-
tations were played out to establish a magnetization
steady state. This scheme allowed the subjects to max-
imize the efficiency of their breath holding by requiring
them to hold their breath only during the actual image
data acquisition period.

In all subjects, noncontrast CMRA was performed
with MR SMARTPREP. The algorithm was programmed
for a 50-second fail-safe monitoring period, after which
the data acquisition phase was automatically begun
despite the absence of a detectable rise in the monitor-
ing volume signal. This trial run allowed the volunteers
to familiarize themselves with the change in gradient
noise, the cue for them to initiate their breath holding.

Following the noncontrast CMRA, arterial-phase Gd-
enhanced CMRA was performed using MR SMARTPREP
in conjunction with an intravenous bolus of 15 mL
(single dose) of gadopentetate dimeglumine (Magnevist,
Berlex Laboratories, Wayne, NJ; 0.07–0.11 mmol/kg).
In all cases, the MR SMARTPREP triggered successfully
prior to the expiration of the 50-second monitoring pe-

riod. Within 1–2 minutes of the end of the arterial-
phase CMRA, another breath-hold CMRA (single-dose
delayed-phase CMRA) was acquired at the same scan
locations, however, without additional contrast media
and without MR SMARTPREP. Approximately 2 min-
utes following the intravenous infusion of another 30
mL of gadopentetate dimeglumine for a cumulative
dose of 45 mL (triple dose, 0.20–0.34 mmol/kg), a final
untimed CMRA (triple-dose delayed-phase CMRA) was
performed in all but one subject (in this case, secondary
to time constraints). All contrast media injections were
performed at a rate of 3 mL/second and were followed
by a 15-mL saline flush (also at a rate of 3 mL/second)
using an MR-compatible injector (Spectris, Medrad
Inc., Indianola, PA).

Signal measurements from images were obtained us-
ing an operator-defined region of interest (Fig. 2) on an
independent computer console. Measurements were
obtained from the same phase of the cardiac cycle for
each subject. The signal within the proximal RCA (ini-
tial 5 cm of the RCA), adjacent tissue (primarily fat in
the atrioventricular groove), and artifact-free air out-
side the thorax were measured. The SD of the signal
measurement of air outside the body was used as a
measure of image noise. RCA signal-to-noise ratio
(SNR) and contrast-to-noise ratio (CNR) were calculated
for each acquisition. SNR was defined as the proximal
RCA signal measurement divided by image noise. CNR
was defined as the signal difference between the prox-
imal RCA and adjacent tissue divided by noise.

To assess each technique’s ability to illustrate the
distal RCA, the length of the RCA visualized on each
breath-hold CMRA acquisition was measured on an
independent computer workstation. The vessel-track-
ing algorithm, by improving the number of images that
the RCA was visualized, facilitated the identification of

Figure 2. Source image from an arterial-phase vessel-track-
ing 2D CMRA demonstrating the regions of interest used to
measure signal within the proximal RCA (1) and the adjacent
tissue (2). The difference in the signal intensities was divided
by the SD of artifact-free air measured external to the thorax
(not shown) to yield the arterial CNR.

Figure 1. Contrast enhancement vs. time. This signal inten-
sity–time plot shows the relative enhancement patterns of the
right ventricle, left ventricle, and left ventricular wall in a
normal volunteer following the bolus infusion of 10 mL of
gadopentetate dimeglumine. As represented in this scenario,
the signal within the right ventricle would exceed a 30% rise in
signal threshold (i.e., satisfy the criteria to trigger MR SMART-
PREP) at approximately 8.5 seconds. Using MR SMARTPREP
prescribed for a 5-second delay, CMRA data acquisition would
be initiated at 13.5 seconds, with the center k-space lines
(sequential phase ordering used for CMRA) being acquired at
21–25 seconds, synchronized with peak enhancement of the
coronary arteries and myocardium.
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contiguous arterial segments and the measurement of
RCA lengths (Fig. 3).

To determine qualitative differences between the var-
ious techniques for CMRA, each set of images was eval-
uated in a blinded fashion by a cardiologist and a radi-
ologist. Reviewers were asked to compare each subject’s
CMRA studies and rank them in the order of preference
for RCA visualization. In the subjects with all four
CMRA studies, the ranking was from 1 (best) to 4
(worst).

Analysis of variances and pairwise multiple compar-
ison of SNR, CNR, and RCA length measurements and
physician preference was performed using commer-
cially available statistical software (SigmaStat, version
2.0, Jandel Corporation, San Rafael, CA).

RESULTS

The SNR, CNR, and RCA length results are summarized
in Table 1. In all subjects, contrast-enhanced CMRA
(Fig. 4) provided significantly better (P , 0.001) arterial
signal (i.e., SNR) and arterial-to-background image
contrast (i.e., CNR) than noncontrast CMRA. Compared

to noncontrast CMRA, arterial SNR was significantly
higher (in descending order) on triple-dose delayed-
phase CMRA (P , 0.001), single-dose arterial-phase
CMRA (P , 0.001), and single-dose delayed-phase
CMRA (P 5 0.004). Pairwise multiple comparison re-
vealed a statistically significant difference (P , 0.05)
between all groups except between single-dose arterial-
phase and triple-dose delayed-phase CMRA (P 5
0.093), and single-dose arterial-phase and single-dose
delayed-phase CMRA (P 5 0.23).

Arterial CNR was statistically higher for single-dose
arterial-phase CMRA (P , 0.001) and triple-dose de-
layed-phase CMRA (P , 0.001) and single-dose de-
layed-phase CMRA (P 5 0.012). Pairwise multiple com-
parison of the groups revealed that all CNR differences,
except that between single-dose arterial-phase CMRA
and triple-dose delayed-phase CMRA (P 5 0.98) were
statistically significant (P , 0.05). Both single-dose ar-
terial-phase CMRA and triple-dose delayed-phase
CMRA provided threefold improvements in RCA image
contrast, compared with noncontrast CMRA. The sim-
ilarity of CNR improvement by both techniques is curi-
ous given the slightly higher—albeit not significantly

Figure 3. A substantial length of the RCA was
illustrated on the single-dose arterial-phase
vessel-tracking 2D CMRA (a–d) (four of eight
images from the CMRA acquisition). The ves-
sel-tracking algorithm provides a greater num-
ber of images of the RCA, thereby facilitating
visualization of the RCA during a single breath
hold. For example, the proximal RCA is not
well illustrated on image d but is on images a
through c. Likewise, the mid-RCA is not as well
visualized on images a and b but is on images
c and d. The combination of all the images
provides a good depiction of the RCA.

Table 1
RCA Measurements

Non-contrast
Single-dose

arterial-phase
Single-dose

delayed-phase
Triple-dose

delayed-phase

SNR 13.9 6 4.6 23.1 6 4.8 20.2 6 4.5 26.5 6 5.0
CNR 4.3 6 1.8 13.5 6 4.6 8.4 6 3.7 13.0 6 4.8
RCA length (cm) 6.4 6 4.0 (6.9 6 4.8a) 10.0 6 4.2 (11.9 6 3.6a) 8.2 6 3.9 (9.4 6 4.0a) 7.5 6 3.6 (8.5 6 4.0a)

aMeasurements excluding the 3 subjects in which only the proximal RCA (initial 5–6 cm) was included within the 2D imaging plane.
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higher (P 5 0.093)—arterial SNR of the triple-dose de-
layed-phase CMRA. This is attributable to the differ-
ences in background signal, which increased over time.
Background signal on single-dose arterial-phase CMRA
was equivalent to that measured on precontrast CMRA.
However, a 22.1% increase in background signal (vs.
that on precontrast and single-dose arterial-phase
CMRA) was noted on single-dose delayed-phase CMRA,
and a 39.9% increase was noted on triple-dose delayed-
phase CMRA. One notable additional finding was that
single-dose delayed-phase CMRA generated two times
the CNR of noncontrast CMRA.

The proximal RCA was visualized in all volunteers
with the longest RCA lengths (Table 1), more consis-
tently being visualized on the single-dose arterial-phase
CMRA (Fig. 3). On average, shorter lengths of RCA were
seen (in descending order) on single-dose delayed-
phase CMRA, triple-dose delayed-phase CMRA, and
noncontrast CMRA. Pairwise multiple comparison of
the groups failed to demonstrate a statistically signifi-
cant (P , 0.05) improvement in RCA length following
contrast administration. However, there was a trend for
improved visualization of the distal RCA on single-dose
arterial-phase CMRA (P 5 0.06) than on noncontrast
CMRA. Delayed-phase acquisitions (single-dose, P 5
0.33; triple-dose, P 5 0.55) failed to demonstrate simi-
lar improvements over noncontrast CMRA. In three
subjects, however, arterial visualization was limited to
the proximal RCA (initial 5–6 cm). In these cases, arte-
rial tortuosity prevented the inclusion of the entire RCA
(i.e., its distal segments) within the 2D scan plane. In
the seven subjects (Table 1) in which the distal RCA was
imaged (Fig. 3), there was a statistically significant im-
provement for single-dose arterial-phase CMRA (P ,
0.05) but not for the delayed-phase CMRA acquisitions.

Blinded physician evaluation of the examinations
demonstrated a statistically significant (P , 0.05 for all
pairwise comparisons) preference for single-dose arte-
rial-phase CMRA (average rating 5 1.5; ranking from 1
to 4) over triple-dose delayed-phase CMRA (average rat-
ing 5 2.0), single-dose delayed-phase CMRA (average
rating 5 2.5), and noncontrast CMRA (average rating 5
4.0).

DISCUSSION

A variety of MR methods have been suggested for imag-
ing the coronary arteries, including spin density, time-
of-flight effect, and T2 signal differences (16–22). None,
however, has yet been shown to be reliable for the rou-
tine screening and grading of coronary artery disease
(11). In this study, extracellular contrast media was
found to significantly improve coronary artery illustra-
tion. Arterial visualization was best on arterial-phase
images. The image contrast (i.e., CNR) improvements of
arterial-phase CMRA were equivalent to that of delayed-
phase CMRA using three times the contrast media
dose. Arterial-phase imaging affords the most efficient
use of contrast media dose and diminishes dose re-
quirements for Gd-enhanced CMRA.

Lower contrast dose requirements, aside from their
obvious cost benefits, provide additional opportunities
to use contrast media for other applications during the

same examination. The arterial-phase Gd-enhanced
CMRA of one arterial tree, such as the RCA, for exam-
ple, can be followed by another arterial-phase Gd-en-
hanced CMRA of another vascular region, such as the
left coronary arteries. The second arterial-phase Gd-
enhanced CMRA can also be performed successfully
using the SMARTPREP algorithm, but a lower trigger
threshold (15–20 percent (15)) should be used to ac-
count for the elevated baseline arterial signal from the
prior dose. However, given the possible twofold increase
in CNR on delayed-phase imaging, as shown in our
study, the additional administration of contrast media
may not be necessary if delayed imaging is promptly
performed. Lower dose requirements for Gd-enhanced
CMRA also provide the opportunity to use contrast me-
dia for an entirely different application—perhaps a
myocardial perfusion examination or Gd-enhanced
MRA of a different vascular territory.

Compared to noncontrast images, arterial-phase
CMRA improved visualization of the distal RCA. This is
attributable to Gd-enhanced CMRA’s reliance on T1
shortening effects by arriving contrast media, as op-
posed to in-flow or time-of-flight effects, as in the case of
the noncontrast CMRA. On noncontrast CMRA, in-
plane saturation probably contributed greatly to the
diminished signal and poor depiction of the distal RCA.
Admittedly, the vessel-tracking algorithm by imaging
roughly the same imaging plane throughout the cardiac
cycle probably further saturates arterial signal inten-
sity and may have contributed to the relative poorer
illustration of the distal RCA on noncontrast CMRA.
However, the average RCA length (6.4 cm) measured on
the noncontrast CMRA in our study is comparable to
that reported for other 2D CMRA techniques (18–21),
where the average RCA length ranged from 5.3 cm (19)
to 6.5 cm (20,21). RCA signal intensity was not mea-
sured for these other techniques, and thus further com-
parison is not possible.

Visualization of the distal RCA was not statistically
better on the delayed-phase CMRA acquisitions despite
their high SNR and high CNR. This may be due to the
small number of subjects enrolled in this study, as
there was a tendency for the distal RCA to be better
seen on the delayed-phase images than on the noncon-
trast images. The reduction of arterial length visualiza-
tion on delayed-phase images (vs. arterial phase) most
likely resulted from the extravascular leakage of con-
trast media over time, which, in turn, resulted in in-
creased background signal (22.1% increase on single-
dose delayed-phase images; 39.9% increase on triple-
dose delayed-phase CMRA). This effect, although noted
also in the proximal RCA (Fig. 4), was probably more
apparent in the small-caliber distal coronary artery,
where there is relatively less surrounding fat and a
smaller separation from adjacent enhancing struc-
tures, such as the myocardium (Fig. 4). Blinded physi-
cian assessment of the techniques agreed with the
above CNR and distal RCA observations with single-
dose arterial-phase CMRA being most preferred.

The results of our study support those described by
Kessler et al. (12) in 13 subjects (2 normal volunteers
and 11 patients) and Goldfarb and Edelman (11) in 4
normal volunteers. Kessler et al. reported a 41% higher
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arterial SNR and a 29% higher arterial CNR with
breath-hold Gd-enhanced 3D CMRA than those with
noncontrast respiratory-gated 3D CMRA. Goldfarb and
Edelman did not measure coronary artery signal per se
but reported a 583% improvement in aortic signal using
the same pre- and postcontrast axial breath-hold 3D
pulse sequence. Our results showed a two- to threefold
improvement in RCA image contrast following the use of
contrast media. The numerous differences to include
CMRA technique, method of signal measurement, con-
trast dose, rate and method of contrast administration,
and timing precludes a sensible comparison of these
results. However, all have shown a benefit to the use of
extracellular Gd-chelate contrast agents for CMRA.

For this study, the MR SMARTPREP algorithm was
modified to monitor a small volume (20 3 20 3 25 mm),
which enabled selective sampling of signal intensity
within a specific cardiac chamber. The MR SMART-
PREP algorithm provided sufficient temporal resolution
(0.5 seconds) for the real-time monitoring of signal in-
tensity in the right ventricle and afforded sufficient lead
time for the subjects to initiate end expiratory breath
holding. MR SMARTPREP’s sampling of the signal is
2–4 times faster than most conventional image-based
detection methods (4). Furthermore, despite concur-
rent respiratory and cardiac motion during the non–
breath-hold monitoring phase, the algorithm was able
to detect the intraventricular arrival of the contrast

Figure 4. The RCA (b) (arrows) was visualized on all CMRA acquisitions. a: Noncontrast CMRA; b: single-dose arterial-phase
CMRA; c: single-dose delayed-phase CMRA; d: triple-dose delayed-phase CMRA. However, better RCA illustration was noted
following contrast media administration. Note that the blurring of the RCA margins on later delayed-phase images (c–d) when
compared with the initial arterial-phase CMRA (b). Ao 5 aorta.
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bolus, a feature which provides the possibility of its use
in other contrast-enhanced cardiac applications, such
as myocardial perfusion imaging. MR SMARTPREP can
be used to optimize the patient’s breath holding and/or
the data acquisition to match contrast arrival. The al-
gorithm provides the added feature of automation that
has inherent advantages.

The 2D CMRA sequence used in the study employed
sequential phase ordering with the center of k-space
sampled during the middle of the 15–22-second image
acquisition period. In order to ensure sufficient ad-
vance notice of the contrast bolus arrival to synchronize
the central k-space views with arterial enhancement,
the monitoring volume was placed in the right ventricle
(Fig. 1). An improvement to this method would be the
modification of the pulse sequence for centric phase

ordering, whereby the central k-space data is ac-
quired during the beginning of the imaging period.
This would enable the placement of the monitoring
volume further “downstream” from the right ventricle
and in closer proximity to the coronary arteries (e.g.,
left ventricle, ascending aorta, or aortic arch). In the
current study, all subjects were healthy volunteers.
In a patient population, however, significant varia-
tions in circulatory time (4) can exist (e.g., a patient
with congestive heart failure with slow flow). Centric
phase ordering would enable improved placement of
the monitor volume closer to the coronary arteries,
thereby reducing the intervening vascular territory
between the monitor volume and coronary arteries
and diminishing potential errors related to circula-
tory time variations.

Figure 4. (Continued)
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Although the experience with Gd-enhanced CMRA is
preliminary and the ideal technique (i.e., dose, injection
rate, pulse sequence parameters, etc.) has yet to be
determined, there appears to be sufficient data to sup-
port the use of contrast media for coronary MRA. The
vascular signal improvements generated by contrast
media enable the opportunities to increase receiver
bandwidth, thereby reducing sequence TR and overall
scan time, and to acquire higher spatial resolution im-
ages for the same scan time. The main disadvantage of
extracellular contrast agents, as shown in this study,
was diminished visualization of the distal RCA over
time, ostensibly due to the leakage of contrast media
into the surrounding tissues (increasing background
signal and diminishing potential arterial CNR). The use
of arterial-phase imaging will reduce the contrast dose
requirements and can minimize this concern. Intravas-
cular contrast agents (i.e., blood pool agents), which
have diminished extravascular leakage and a prolonged
duration of intravascular enhancement, theoretically
may be better suited for imaging the coronary arteries
than currently available extracellular contrast agents.
However, the threefold improvements in arterial CNR
that were achieved using single-dose arterial-phase
vessel-tracking CMRA in this study compare very favor-
ably with the up to twofold CNR improvements reported
by Stillman et al. (23) and Taylor et al. (24) on delayed-
phase (steady-state) CMRA imaging with ultrasmall su-
perparamagnetic iron oxide contrast agent and
NC100150 injection, respectively. Clearly, additional
clinical investigation is required for the determination
of the exact role and type of contrast media that ulti-
mately will be recommended for coronary MRA.
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